Iron is an essential nutrient and plays an important role in the control of phytoplankton growth [Martin et al.,1989] . Atmospheric dust has been thought to be the most important source of iron, supporting annual biological production in the Western Subarctic Pacific (WSP) [Duce and Tindale, 1991; Moore et al., 2002] . We argue here for another source of iron to the WSP. We found extremely high concentrations of dissolved and particulate iron in the Okhotsk Sea Intermediate Water (OSIW) and the North Pacific Intermediate Water (NPIW), and water ventilation processes in this region probably control the transport of iron through the intermediate water layer from continental shelf of the Sea of Okhotsk to a wide areas of the WSP. Additionally, our time-series data in the Oyashio region of the WSP indicates that the pattern of seasonal changes in dissolved iron concentrations in the surface mixed layer was similar to that of macronutrients, and that deep vertical water mixing resulted in higher winter concentrations of iron in the surface water of this region. The estimated dissolved iron supply from the iron rich intermediate waters to the surface waters in the Oyashio region was comparable to or higher than the reported atmospheric dust iron input and thus a major source of iron to these regions. Our data suggests that the consideration of this source of iron is essential in our understanding of spring biological production and biogeochemical cycles in the western subarctic Pacific and the role of the marginal sea.
Introduction 45
waters north of 45 N in the WSP. Additionally, prev ious studies indicate that resuspended particles from continental shelf sediments are postulated as a primary source of iron for phytoplankton [Wells and Mayer, 1991; Croot and Hunter, 1998; Johnson et al., 1999; Bruland et al., 2005; Chase et al., 2005; Elrod et al., 2004] , and that these iron-containing particles can be transported over long distances by eddies and water current systems [Wu and Luther, 1996; Johnson et al., 1997; Löscher et al., 1997; Wells et al., 1999; Johnson et al., 2005; Lam et al., 2006] . To date, however, the importance of iron supply processes from the continental shelf by water current transport has not been argued before for in the WSP. Okhotsk is a marginal sea located on the northwest rim of the Pacific Ocean and is known to be the lowest latitude seasonal sea ice area in the world [Alfultis and Martin, 1987; Kimura and Wakatsuchi, 2000] . Every winter, large amounts of sea ice are produced along the Siberian coast on the north-western continental shelf of the Sea of Okhotsk (shallower than 400 m depth) as a result of the cold winter winds blowing in from East Siberia coupled with the fresh water discharge from the Amur river. The sea ice formation rejects a large volume of cold brine, and subsequently the brine water settles on the bottom of the north-western continental shelf along the Siberian coast to form Dense Shelf Water (DSW: 26.8-27.0σ θ ) [Martin et al., 1998; Gladyshev et al., 2000] . Because the density of the DSW generally does not exceed 27.0σ θ , reflecting the low salinity of surface water, the DSW does not sink to the bottom of the open sea, but tends to penetrate the upper layer (250 ~ 450 m depth) of the Okhotsk Sea intermediate water (OSIW) [Wong et al., 1998; Itoh et al., 2003; Yamamoto-Kawai et al., 2004] .
The OSIW flows southward along the East Sakhalin coast, and is further exported through "Bussol Strait" into the North Pacific Ocean after strong vertical diapycnal mixing in the Kuril Straits [Nakamura and Awaji, 2004] . Thus, the OSIW contributes to the formation of the North Pacific Intermediate water (NPIW) [Tally, 1991; Yasuda, 1997; Nakamura and Awaji, 2004; Nakamura et al., 2006] . Thus the waters properties of the Oyashio region are strongly influenced by the intermediate water originating in the Sea of Okhotsk. On the other hand, the WSP off the east coast of Japan is a crossroads of water masses that are carried by the Kuroshio, the Oyashio and eddies (Figure 1) . The Kuroshio transports a large amount of warm saline water into the midlatitude Ocean. The Oyashio is the western boundary current of the western subarctic gyre which is formed by cold, fresh water being transported along the east side of the southern Kuril Island [Nakamura et al., 2006; Yasuda et al., 2001] were collected using acid cleaned Teflon coated 10-L Niskin-X bottles suspended on Kevlar line. The unfiltered samples were adjusted to pH <1.8 with addition of 0.05 M of HCl, and the filtrate were adjusted to pH 3.2 with addition of 2.4 M ammonium -10 M formic buffer. Our defined "dissolved iron" concentrations (that is, leachable iron in 0.22 µm filtrate at pH 3.2) were analysed onboard and "total iron" concentrations were measured after more than 1 year storage by FIA chemiluminescence detection system (that is, dissolved plus leachable iron in unfiltered sample at < pH 1.8 during more than 1 year storage). All sample treatments were performed in a laminar flow clean-air hood 8 in a clean-air tent. Nutrients and chlorophyll a concentrations were also analysed for water samples. Hydrographic data was also collected at all stations using a CTD. Seawater samples for total iron, dissolved iron, other chemical measurement and hydrographic data were collected using a clean CTD-CMS system as described in Section 2.1. "dissolved iron" and "total iron" concentrations were measured as described in Section 2.2.
Iron analysis in this study
Concentrations of Fe (III) in buffered and acidified samples were determined using an automatic Fe (III) analyzer (Kimoto Electric Co. Ltd.) using chelating resin concentration and chemiluminescence detection [Obata et al., 1993] . The detection limit (three times the standard deviation of Fe (III) concentrations for purified seawater, which was passed through an 8-quinolinol resin column three times to remove Fe) was 0.017 to 0.032 nM (among the cruises). The relative standard deviation was within These our data suggests that substantial iron was exported along with the intermediate water discharge from the Sea of Okhotsk to the WSP.
Lateral iron transportation via intermediate water ventilation
A longitudinal section of salinity, dissolved iron and total iron profiles in the North Pacific along 165º E are shown in Figure 4a indicating remineralization processes as mentioned above. Watanabe et al. [1994] reported that apparent ages for the NPIW along 175 ºE as by measured chlorofluorocarbons in the North Pacific, and that NPIW is laterally transported between subpolar and subtropical regions on timescales of a few decades. Therefore, iron is transported by NPIW from the subarctic region to subtropical region within a few decades. Moreover, we observed a high total iron core in the intermediate water at On the other hand, we observed high total iron in the bottom water in north of the study region along 165º E (Figure 4c ). It is likely that the northward increasing trend in the iron levels in the bottom water is due to the effect of sinking particles of strong biological productivity at high latitude, and southward advection and/or mixing of this iron-rich bottom water occurred. 
Source of iron in the intermediate water
It has been reported that the DSW, which is a source water of the OSIW, consistently contains large amounts of re-suspended sedimentary particles, due to strong tidal mixing on the shelf of the Sea of Okhotsk [Nakatsuka et al., 2002] , and that the outflow of DSW results in a large flux of particulate and dissolved organic matter (POC and DOC) from the shelf to the OSIW [Nakatsuka et al., 2004] . Finally, the OSIW transports the POC and DOC into the NPIW [Hansell et al., 2002; Hernes and Benner, 2002; Nakatsuka et al., 2004] . Another report has indicated that the OSIW has There is one more possible source of iron for the NPIW in the Oyashio region. Amakawa et al. [2004] reported neodymium isotopic data that the radiogenic Nd ultimately derived from volcanic provinces as the Kuril-Kamchatska and Aleutian islands is transported by the Oyashio current to form the NPIW. A recent study also reports that subduction zone volcanic ash has high iron concentrations [Duggen et al., 2007] . Therefore, coastal sediments of the Kuril Islands might be another source of the iron in the NPIW.
Spatial and temporal distributions of iron in the WSP
Our vertical measurements of iron in the WSP confirm previous observations that increased gradients in dissolved iron concentrations with depth from subsurface to 13 intermediate water (NPIW) were greater in the WSP [Fujishima et al. 2001 , Nishioka et al., 2003 , Brown et al., 2005 relative to that of the ESP. Furthermore, particulate iron was extremely high in the whole water column of the western region [Nishioka et al., 2003 , Kinugasa et al., 2005 , Brown et al., 2005 . However, the observations in this study also provide some new information on features of tempo-spatial variability of iron concentrations in the WSP. We found that extremely high total iron concentrations in the surface were observed only in subarctic water masses north of the SF, and that this feature was clearly separated by the SF border, which was as defined 6 C in this study This variability was more pronounced than those of nitrate or salinity. Higher temporal variability of dissolved and total iron concentrations, especially in total iron, was observed in the entire water column in the Oyashio region (A7), upstream of the Oyashio flow and near the source of iron, than at the oceanic station (B9), downstream of the Oyashio flow (Figure 9a and 9b) . These time-series data indicates that some fractions of the iron in particulates and colloidal matters were lost from the water column during the water transportation.
From our spatial and temporal iron distributions, it can be inferred that the high iron input, mainly in the particulate phase, occurs north of the SF and upstream of the Oyashio region, and the iron is subsequently distributed to the cold subarctic water in the WSP area. The results are consistent with our data that the iron-rich water is transported from the Sea of Okhotsk to the WSP (described in section 3.1), and cannot be solely explained by aeolian dust supply over the study area. The dissolved iron concentration observed in the surface mixed layer of the Oyashio region reached a maximum in January, and kept high throughout winter (ave. 0.6 nM).
As the development of the spring phytoplankton blooms, the dissolved iron levels decreased to < 0.2 nM (Figure 10a ). Higher surface dissolved iron concentrations in March (~0.3 nM) compared to May (< 0.1 nM) were also observed in the oceanic region (B9) (Figure 9b ). In this study, the monthly variation (seasonality) of the dust events was clearly inconsistent with the seasonal change in dissolved iron in the surface mixed layer of the Oyashio region in 2003. Hence, the aeolian dust input would be a minor process for the phenomenon. However, occasionally surface maxima of dissolved and total iron can be found in vertical profiles of our data (e.g. Figure 9 ; station A7 January and station B9 March), which can not be explained by the vertical mixing of iron-rich intermediate water. Atmospheric input of mineral dust is one potential sources that could explain these surface maxima events.
As for 2), previous studies clearly indicated that strong vertical mixing occurs around the Kuril Straits. The diapicnal mixing around Kuril Straits strongly affects the temperature and salinity properties of the OSIW [Tally et al., 1991; Wong et al., 1998; Yamamoto et al., 2002] . Nakamura and Awaji [2004] performed numerical experiments to study tidally generated internal waves in the Kuril Straits and showed that tidal mixing was able to reach down to the OSIW. These previous studies suggest that the iron-rich intermediate waters probably influence the surface layer around the Kuril Straits and thus raise the MLD iron concentrations with subsequent transport to the Oyashio region. These theories cannot be verified using our data, unfortunately, but can be crucial processes for iron distributions in the Oyashio region. Detailed seasonal investigations of iron concentrations with physical parameters around the Kuril Straits must be needed to estimate the surface lateral iron transport from the Kuril Straits to the Oyashio region. Lateral transport from the Kuril Straits is also a possible source that might explain the surface maxima described in 1). [Nishioka et al., 2001] in Table 2 (the values are calculated from data which show in We have employed a simple one-dimensional model by Martin et al. [1989] to estimate the vertically transported iron amounts to the surface waters from spring to autumn by vertical advection and eddy diffusion (F 1 ). We define the winter period as 5 months (150 days), therefore, the formula of F 1 is used as an estimation for the remaining 215 days. (referenced by Martin et al. [1989]) Where W is the vertical velocity, with a value of 0.012 m/day being employed as per Martin et al. [1989] , in all regions, R is the mean concentration of dissolved iron in the vertical gradient in the subsurface layer, and Kz is the coefficient of eddy diffusivity.
The winter water column of the Oyashio region is characterized by weak density stratification from the surface to intermediate waters (Figure 11 ), due to the strong influence of the NPIW. Therefore, the true Kz value would be higher than the value used for our F 1 calculation. In consideration of this fact, we decided to use a simple straight forward method to estimate the iron amounts transported by winter mixing (F 2 ).
According to the concept of isopycnal mixing model reported by Sarmiento et al. [1990] , an inventory of iron raised to the surface waters by winter mixing (F 2 ) was estimated as follows. Table 2 ). We also assumed that the inventory of iron raised to the surface waters by winter mixing (F 2 ) include the iron transported by vertical advection and eddy diffusion.
The annual total upward dissolved iron flux is estimated by summation of F 1 and F 2 (µmol Fe m -2 yr -1 ).
These fluxes are summarized and presented in Table 2 . An estimate of 
